An extensive literature exists about the neutralization (also called passivation) of dopants in elemental and compound semiconductors by atomic hydrogen. 1-9 In some instances, this effect is intended, for example to alter the refractive index of nearby material to form waveguides, or to achieve electronic device isolation. 1-3 In other instances, the neutralization may not be intended. One case of technological importance is dopant neutralization during the etching of GaAs and InP with plasmas containing CH4 and hydrogen. 1 The effect of hydrogen has been studied more extensively in silicon-doped GaAs than in any other doped compound semiconductor, principally because of its wide use in metal-semiconductor fieldeffect transistors, modulation-doped FETs and heterojunction bipolar transistors. In early work, Si-doped GaAs was found to be reduced in conductivity after exposure to hydrogen plasma. 4,5 Later work incorporating infrared spectroscopy established that hydrogen forms a bond to Si dopant in GaAs, creating a neutral Si-H complex. 3,6,7 The neutralization effect was found to be reversible upon annealing at about 400 0C. 5 This temperature is high enough to consider using the neutralization effect in device fabrication. However, the hydrogensilicon complex was recently found to be much less stable in Schottky diodes under reverse bias. 8,9
In this letter, silicon donor neutralization after plasma- Corporation RIE-51 was used (13.56 MHz) and this system has been described elsewhere. 10
The same test structure was used for van der Pauw measurement of donor concentration after dielectric deposition and HF removal, and the test structure was analyzed with secondary ion mass spectrometry (SIMS) to measure atomic hydrogen concentration. optical emission spectroscopy (OES) was used to measure the relative atomic hydrogen concentration in the plasmas by comparing 656.3 nm peak heights.
Initially, the test structure was used to compare deposition "damage" from low frequency and high frequency PECVD. In Figure 1 , the fraction of donors that are inactive in the test structure after silicon nitride deposition and removal is shown. Looking first at the data before anneal, after low frequency nitride deposition at 300 0C the 330 A doped layer of the test structure is no longer conductive.
After high frequency deposition, using the same conditions, the doped layer is hardly affected; changes in sheet conductance on the order of 10% are not considered significant. However, increasing the rf power in the high frequency case does increase the sheet conductance loss;
for example, at 90 W the fraction of inactive donors is 0.55.
Referring back to Figure 1 , the loss of conductance for the low frequency depositions is SUbstantially recovered upon annealing at 400 0C, similar to what is observed for exposure of si-doped GaAs to a hydrogen plasma. 4 Using OES, abundant hydrogen is found in the plasmas from dissociation of silane; the peak height for H* in the low frequency plasma was seven times the value for the high frequency case. Another distinguishing feature of the 30 kHz plasma is the anticipated 3X-6X greater ion potential at the anode (at constant power) compared to the 13.56 MHz case. 1 l Assuming that hydrogen is causing the loss of conductance, it is not entirely clear which plasma species, H or H+, dominates the effect, although for either species the effect is expected to be the same --formation of the siliconhydrogen complex.
In Figure 2 , the same type of data is shown for test structures that were exposed to ECR nitride deposition plasmas. measurements on a test structure exposed to N2 RIE plasma, which also contains N2+' The change from 100% loss of conductance to about 30% loss after annealing for samples that had nitride deposition is distinct from the effect caused by N2+ ions in RIE plasma, for which the conductance changes very little with annealing ..
Additional experiments were performed to verify that silicon donor neutralization by hydrogen was responsible for the loss of sheet conductance in the test structures. Shown in Figure 3 is the fraction of silicon neutralized by argon plasmas generated with the ECR mirror configuration. For the curve labelled nhigh H*n, a prominent hydrogen optical emission signal was observed in the argon plasma; this is presumably residual hydrogen from the reactor walls. The typical H* background is much smaller than the signal from deposition plasmas but the donor neutralization is pronounced for the argon plasma, as seen in Figure 3 , and the reduction in neutralization with annealing is the same as that for samples that had ECR nitride deposition. The curve in Figure 3 labelled "low H*n corresponds to an Ar plasma after the chamber was cleaned with 02 plasma until the H* peak was very small and no longer decreasing. Even with a minimal amount of H* in the chamber, the Ar plasma still causes donor neutralization. The Ar+ potential in the ECR plasma is believed to be less than 20 V 12 and would be expected to cause a fractional change in sheet conductance of less than 5%.10 The 100% change observed is interpreted as hydrogen exposure of the test structure without surface protection. Annealing of Ar+ damage from exposure to RIE plasma is shown in Figure 3 for comparison; no H* is detectable in this plasma and annealing is not very effective for restoring donor activity. This is different from the Ar ECR plasmas that contain hydrogen. As mentioned above, the H* optical emission signal is reduced by oxygen plasma, which is very effective at abstracting hydrogen from the chamber walls and the plasma. The lowest curve in Figure 3 is the donor neutralization from an oxygen ECR plasma. Before anneal, the fraction of donors neutralized is lower than what is observed for the Ar ECR plasmas that contained hydrogen, and the change with annealing is distinctly different also.
Two final experiments were performed to test the hypothesis that hydrogen is responsible for the observed loss of conductance in the test structures. One experiment involved Van der Pauw measurements that were made after ECR nitride deposition and removal. Five-minute annealing from 300 0C to 400 0C was performed, intentionally using the procedure in Cheva11ier's study of the effect of 30 kHz H2 plasma on Si-doped GaAs. 4 From Cheva11ier's work, a "dissociation" energy9 of 2.1 eV was calculated for the Si-H complex. After ECR nitride treatment, a 2.16 eV "dissociation" energy is calculated.
Qualitatively, the increase in conductance with annealing, from which the dissociation energies were determined, is similar. The second experiment was direct measurement of H concentration by SIMS on a test structure after ECR nitride deposition and removal. Compared to a control sample, which was a piece of the same test structure without ECR nitride treatment, the structure that had ECR nitride averaged a factor of 3 higher H concentration; furthermore, a difference in H concentration was only observed over the 330 A region where the test structure was doped with silicon.
As indicated in Figure 2 , deposition rate seems to be a significant factor in the extent of donor neutralization in the test structures after nitride deposition.
In Figure 4 is shown a collection of ECR nitride depositions and the dependence of donor neutralization in the test structure on deposition rate of the nitride. The trend is evident that below a rate of about 500 A/min, donor neutralization is high and annealing is effective in breaking up the si-H complex. Above this deposition rate, donor neutralization is about 20%, which is close to what is seen after sequential annealing to 450 0C when low deposition rate is used.
In summary, loss of sheet conductance has been measured after plasma silicon nitride deposition and removal on Si-doped GaAs. This electrical change has been associated with formation of the hydrogensilicon complex based on a number of experimental observations. The temperature at which most of the sheet conductance is recovered is characteristic of the dissociation of the hydrogen-silicon complex.
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